Spacing of explosive charges by Konya, Calvin J.
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
1968 
Spacing of explosive charges 
Calvin J. Konya 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Mining Engineering Commons 
Department: 
Recommended Citation 
Konya, Calvin J., "Spacing of explosive charges" (1968). Masters Theses. 6905. 
https://scholarsmine.mst.edu/masters_theses/6905 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
SPACING OF EXPLOSIVE CHARGES 
BY 
CALVIN JOSEPH KONYA; \ f -¥4 
A 
THESIS 
submitted to the :faculty o:f 1.32943 
THE UNIVERSITY OF MISSOURI - ROLIA 
in partial :fulfillment o:f the requirements :for the 
Degree o:f 






It is generally believed that the spacing of simultaneous~ 
initiated collar primed multiple charges is not dependent on the 
charge length. The stresses generated by explosive charges have been 
assumed to propagate through a material in a cylindrical manner. This 
assumption implied that the stress generated in any plane along the 
charge diameter would have been uniform in magnitude and direction. A 
, finite explosive velocity along with a conical stress wave causes the . 
stresses near the collar to differ from those farther down the column. 
For this reason~ the spacing of charges would be dependent on charge 
length • 
.An experimental technique using models was employed to investi-
gate charge length and other spacing parameters. Materials with dif-
ferent properties were selected as models for the purpose of' determin-
ing to what extent material's properties influenced the spacing. 
This investigation showed that charge length was of extreme im-
por tapce in the spacing of instantaneously ini tiated charges of short 
length. This could be attributed to decreased stress i ntensities in 
the collar region caused by noncoherent wave fronts in this region. 
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I. INTRODUCTION 
Spacing and burden relationships for confined cylindrical explo-
sive charges serve as the basis for the design of all blasting rounds. 
In surface blasting, length to burden (L/B) ratios vary from large dia-
meter holes which have burdens and lengths which are almost equal, to 
small diameter holes which are very long compared to their burdens. 
Multiple explosive charges may vary considerably in the manner of ini-
tiation (collar priming, bottom priming and multiple priming) and with 
the time interval between initiation of adjacent holes. The mechanisms 
of spacings and fracturing between holes are fairly well understood, 
but there is no information available regarding the influence of charge 
length on spacing and very little on the reinforcing effects in the 
burden dimension of instantaneously initiated adjacent charges. It 
was the purpose of this investigation, therefore, to observe the 
interrelation of the spacing, depth of burial and charge length on 
collar primed instantaneously initiated cylindrical charges. 
In situ testing would require reasonably large scale blasts, the 
results of which would be difficult to interpret and analyze accurate~ 
They would also be expensive and require the movement of' a considerable 
amount of broken material. In order to keep a closer control on the 
testing and collect the greatest amount of reliable data, a laboratory 
study was undertaken. 
Mild Detonating Fuse (MDF) of the lO and 20-grain strengths were 
chosen for the explosive. MDF was chosen after considering other ex-
plosives because of its high velocity and density, small critical 
diameter, high energy release, uniformity of' reaction rate and explo-
2 
sive pressure and safety and ease in handling. 
Studies were made first in Plexiglas to observe internal frac-
ture patterns. The influence of the material's properties on the 
spacing was investigated by conducting tests on samples of cement mor-
tar and Jefferson City Dolomite. The physical properties of these 
materials differ widely in grain size, Poisson's ratio, compressive 
and tensile strengths, density and sonic velocities. All the mate-
rials were easily cut, formed and drilled. Although this investiga-
tion was basically qualitative, compressive, tensile and sonic veloc-
ity tests were conducted on the materials prepared in the laboratory 
so that the material's properties could be defined with some degree 
of accuracy. 
II. EFFECTS OF SPACING GEOMETRY 
OPtimizing spacing of multiple charges is the process by which 
the energy released from an explosive reaction is utilized in the 
most efficient manner to move the maximum amount of material of a 
predetermined size distribution. Multiple initiation of blastholes 
regardless of the type o::f pattern employed can be broken down into 
two basic types, simultaneously fired adjacent holes which reinforce 
one another to some degree, and separately fired adjacent holes fired 
at some delay (3,4,18,19). 
A. Effects of Spacing 
3 
If the spacing between blastholes is excessive, in the case of 
instantaneously initiated adjacent charges, humps and toes remain in 
the floor between blast holes and horizontal cratering occurs (Fig. l). 
As the spacing is reduced the area between holes becomes fractured and 
fragmentation of two relative sizes results. Small particle size re-
sults in the crater area of the single charge while boulders occur be-
tween the holes. As the spacing is further decreased and the optimum 
spacing approached, the maximum volume of uniformly sized material is 
reached. If the spacing is further reduced, a number of undesirable 
effects are observed. Premature shearing results between holes which 
can cause a low velocity explosive such as a blasting agent to extin-
guish itself due to a loss of confining pressure. Premature loss of' 
gases due to premature shearing will result in vertical cratering, 
overbreak (crushing between holes and bouldexs resulting in the burden 
4 
Figure 1. Horizontal Craters 
dimension) and toes at floor level. 
Two basic types of benches are observed in surface blasting 
(Fig. 2). Blasting with a closed bottom is by far the most prevalent 
and can be seen in almost any quarry. The open bottom condition is 
U£ed by many coal stripping operations and in this case the borehole 
does not enter the coal seam. It is also interesting to note that 
in many of these large stripping operations, large diameter boreholes 
are utilized and the length (L) of the borehole may not be much 
greater than the burden (B). In many cases the L/B ratio is between 
l and 3. 
B. Fracture Mechanisms 
5 
The shock wave due to the detonation pressure is considered to 
have little effect on fracturing under normal field conditions (3, 13 
19). Fracturing seems to be directzy related to quickzy applied high 
pressures resulting from explosive reactions. The result is that two 
types o:f body motions are developed and propagated in the :form of com-
pressional (P) and shear (S) elastic waves. These two wave velocities 
are related by Poisson's ratio, J.l, provided that J.l. is neither negative 
nor does it equal or exceed .5. The :faster of the two waves is the P 
wave, therefore, it is the first to arrive at an interface. When a P 
wave strikes an interface between two materials, in general, four stress 
waves are generated. Two of these waves are refracted and two are re-
flected back into the material. The angle of incidence of the compres-
sional wave and the characteristic impedances of the materials control 
the magnitudes and directions of the refracted and reflected waves 
(5,ll,l7). In nonnal blasting, under most field conditions, little 
6 
a. Vertical Section of Open Bottom Bench 
b. Vertical Section of Closed Bottom Bench 
F i gure 2. Bench Forms for Surface Blasting 
7 
energy would be lost due to refraction at a rock-to-air interface and, 
therefore, only the reflected stresses are usually considered (17). 
In the past, it was generally believed that a cylindrical compres-
sive wave (Fig. 3) emanated from the long length charge. Measurements 
of strain waves have proved that this is not the case (25). This would 
be the case if either the e:x;plosive had infinite velocity or if many 
primers would be evenly spaced along the explosive column and detonated 
simultaneously. It has been shown that since the explosive does not 
have an infinite velocity, a collar primed long length charge will form 
a conical wave (Fig. 4) if the detonation velocity of the explosive is 
greater than the wave propagation velocity of the rock (3). The apex 
of this wave is in the direction opposite that of primer placement. 
At a distance from the top interface, the wave front will assume a 
conical shape with one half of the apex angle equal to the arcsine of 
-1 v 
the P wave velocity divided by the velocity of the explosive (sin Vp) 
e 
(Fig. 5). 
With the assumption of the cylindrical compressive wave, the 
stress reinforcement due to adjacent simultaneously fired charges was 
considered to be only in the plane of the charge diameter, and the re-
inforcement was assumed only between the holes. The overall effect of 
spacing was determined by geometrically balancing the stresses in this 
plane. The two basic, well-known geometric spacing relationships are 
shown in (Fig. 6) and suggest spacings in the range of 1.4 and 2 times 
the burden. Many empirical :formulas are available for burden calcula-
tion (1,3,13,16,19,20,22,24). These will not be discussed, but the 
fact will be noted that in some cases, it is suggested that the burden 
a. Vertical Section 
b. Plan View at Top Free Surface 
Figure 3. Cylindrical Compressive Wave Form Emanating 
from a Long Length Charge 
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a. Vertical Section 
b. Plan View at Top Free Surface 
Figure 4. Conical Compressive Wave Form, Moving Down . 
a Long Column o:f Detonat ing Explosive 
9 
V At p 
Apex Angle 
Figure 5. Angle of Conical .wave 
10 
-1 v 
= 2(sin vp) 
e 
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Spacing Relationships Determined by Geometrically 
Balanc:ing Stresses in the Plane o.f the Charge Diameter. 
is independent o:f the spacing, and that the optimum burden :for a 
material can be :found by exploding single charges at varying dis-
tances :from the :face. The burden is chosen as the distance which 
gives the type of :fragmentation desired and removes the materia~ 
along the entire length of the charge. 
12 
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III. EXPERIMENTAL PROCEDURE 
A. Model Preparation 
A systematic approach was necessary to work with a Froblem such as 
spacing. The selection of control parameters and data collection could 
not be left to haFhazard methods. For this reason, it was not advis-
able to use random observations on primary quantities (Appendix II., 
Eq. (l). Such observations would have been time consuming, difficulty 
could have resulted in relating quantities of more than three indepen-
dent variables and false conclusions could have been reached. For this 
reason, this problem was analysed by dimensional analysis using an 
equation (Appendix II., Eq. (2)) which resulted in the determination of 
similitude ratio which gave the research direction and assisted in 
arriving at valid conclusions (21). To eliminate as many variables as 
possible, the· open bottom bench condition was chosen, and the effects 
of stemming were eliminated by loading the holes completely to the 
collar. 
The effect of geometry and material's properties could best be 
studied by selecting at least three materials of different physical 
characteristics. Plexiglas, cement mortar and Jefferson City Dolomite 
were selected as the experimental media, not only for the above rea-
sons, but also because of ease in model preparation. Other investiga-
tors had used these materials and comparison with other data was 
available. The Plexiglas could be purchased in large sheets and cut 
to the desired model size. Mortar required mixing and casting in molds. 
The dolomite was locally available and needed only to be cut. 
l4 
l. Choice o:f Model Size and Explosive 
Plexiglas models varied as to their dimensions, except :for 
that o:f width~ which was fixed at 4 inches~ the maximum thickness 
available. For large burdens and large L/B ratios, the model size 
was chosen as 7 x 12 x 4-inches while :for short L/B ratios and small 
burdens, the size was reduced to approximately 7 x 7 x 4-inches. The 
models used to completely eliminate the e:f:fects o:f gas pressure were 
l/2 inch thick and their length and width were dependent on the L/B 
ratio used. For L/B = l, models were about 3 x 3 x-l/2-inch. Mortar 
was cast in one foot cubes and also in 6 x 12 x l2-inch blocks. 
Smaller blocks were cored and tests were run to determine the mate-
rial's properties. Dolomite samples were prepared by cutting blocks 
approximately 9 x 9 x l8-inches. 
The 20-grain MDF was not used as the explosive for the spaced 
charges, because its greater power would have required a larger model 
size. MDF of' the lO-grain variety was used in models o:f either single 
charges or those with spacing other than zero. For a spacing of' zero, 
20-grain MDF was used to simulate a double charge in the same borehole. 
(Table l). 
2. Sample Preparation 
Plexiglas models were prepared :from a 4 x 24 x 48-inch sheet 
manufactured by the Rohm and Haas Company. Cutting was accomplished 
by means of' a power hacksaw which was found more efficient than a wood 
table saw. Models were then finished by milling the sawed surfaces 
on a horizontal boring mill. 
Table 1 
Explosive's Properties (9,12) 
Type PETN Diameter of Explosive V (fps) Explosion Pressure 
( gr / ft) _ ( in.)_ ~ _ -~~- ~ _e~~ -~· _ _ (psi ) 
MDF A-10 10 .047 24,000 1,760,000 




Mortar models were prepared in two batches using two parts (by 
weight) Portland cement, one part water and ~our parts Ottawa sand (a 
fine grained, uniformly sized sand). A power driven paddle-type ro-
tary mixer was used to mix the ingredients. ~ter alternately loading 
small quantities of the ingredients and mixing a ~ull batch for 30 min-
utes, the mixture was poured into pre-fabricated molds of the desired 
size. The molds were made of .75-inch plywood. The rim and groove 
type of mold was used and permitted casting of two, cubic foot, blocks 
and two, 12 x 12 x 5.875-inch, blocks (6). The mold was greased on 
the inside to prevent sticking. The molds were vibrated for 45 seconds 
to eliminate air bubbles. Specimens were allowed to consolidate for 
24 hours, after which they were removed from the molds and allowed to 
cure for 7 days at 68 degrees Fahrenheit and 100% relative humidity. 
B. Determination of Physical Properties 
Approximate physical properties o~ some o~ the materials used 
in this investigation could be found in the literature. Mortar models 
consisted of a type of sand not normally used because of its nniform 
grain size and high cost. For this reason, tests were conducted to 
determine the properties of this material. 
l. Density 
Each mortar model was measured to the nearest l/16-inch and 
weighed to the nearest l/lO pound. These values were compared with 
values in the literature (See Appendix VI.). 
2. Sonic Velocity 
l7 
Characteristic longitudinal wave velocities were determined by 
using the sonic pulse technique. The instrumentation was first used 
by J. H. Deatherage and is completely described in his M.S. Thesis 
(lO). This technique utilizes two piezoelectric transducers. One 
transducer, when connected to a pulse generator, acted as a.miniature 
sending unit. An electrical signal sent by the pulse generator was 
changed to a mechanical pulse by the transducer and sent through the 
specimen as a longitudinal wave. The mechanical signal was picked up 
by the second transducer on the opposite side of the specimen and 
changed into an electrical pulse which was fed into an oscilloscope 
along with a synchronizing pulse. Travel time of the pulse through 
the specimen could be recorded to the nearest half microsecond. By 
knowing the travel time and the length of the specimen, the longitu-
dinal wave velocity could be calculated (Appendix III.). 
The shear-wave velocity was more difficult to determine because 
reflected longitudinal waves and Rayleigh waves were also present on 
the oscilloscope trace. For this reason, large mortar samples were 
used to eliminate reflected longitudinal waves. The shear waves 
could then be determined because the shear-wave arrival time was 
quicker than that of the Rayleigh waves (Appendix III.). 
3. Compressive Strength 
The test procedure employed in determining the compressive 
strength of the mortar was similar to that used by ASTM for the test-
ing of building stone. Apparatus used to conduct this test was a dia-
mond core drill, a diamond saw, a power finishing grinder and a 120,000 
pound hydraulic testing machine. Cores of 2.125-inches in diameter 
18 
were cut to lengths of approximately 4.25 inches. Sample ends were 
ground on the finish grinder so that they were parallel to one another 
and perpendicular to the sides. After careful alignment in the hydrau-
lic testing machine, the cores were loaded at a uniform rate until 
failure occurred. The load at failure and the cross-sectional· area 
are all that are required to calculate the compressive strength (Appen-
dix IV.). 
4. Tensile Strength 
The apparatus necessary to conduct the Brazilian tensile test 
was the same as that used for the compressive strength. Specimens 
were 2.125 inches in diameter and approximately 2.125 inches long. 
Cores were loaded on a line on the circumference and along the length 
of the specimen. Blotting paper was used to distribute the load over 
the entire line rather than on the high spots. The loading rate was 
close~ controlled. Tensile strength could be calculated from the 
following equation (Appendix V.): 
where 
Tensile Strength = 3~i4DL 
P is the load at failure 
D is the core diameter 
L is the core length 
A summary of the material's properties can be found in Table 2. 
C. Placement and Initiation of Explosive Charges 
Charge boles in the Plexiglas were· drilled with a 6-inch long 
Table 2 
Material's Properties (9,10,14,15,23) 
Material Vp V8 C7_ Ue r Sgr E 







Eydrostone 11,000 6,600 
Mortar 13,000 8,400 









































.125-inch diameter drill bit. Mortar and dolomite were drilled using 
a 5-inch tungsten carbide tipped, straight shank, tapered length, Type 
ll20 Chicago Latrobe bit. The samples were all drilled in a standard 
drill press. A stream o~ compressed air was direct against the drill 
bit to help bring up cuttings and to cool the bit. 
The models required varying lengths o~ explosive charges depending 
on the burden and L/B ratio. Care was taken to cut the two charges to 
the same length. They were detonated simultaneously using a No. 6 
blasting cap, the MDF was placed in the blasthole and the protruding 
ends were aligned and brought together. A single cap would initiate 
both at the same position along both charges. HYdraulic oil was used 
in the borehole to insure coupling. Samples were protected ~rom the 
e~~ects o~ the blasting cap by a steel plate placed between the cap and 
the specimen. The plate was made o~ a .125 x 10 x 10-inch steel plate 
with a pair o~ .125-inch holes drilled to permit the passage of the ex-
plosive. Specimens were placed within a blasting chamber constructed 
o~ steel and lined with 3 inches of wood and detonated with a 10 cap 
twist type blasting machine. 
Since the Plexiglas specimens could only be purchased with a maxi-
mum thickness of 4 inches, it was necessary to submerge the back o~ the 
specimen in water about three inches to prevent the sample from split-
ting in half when using long charges. The impedance of the water being 
more nearly that of the "Plexiglas allowed more energy to be refracted 
instead of being reflected back into the sample as would result using 
a Plexiglas-air inter~ace. 
21 
TV. DISCUSSION OF RESULTS 
To further assist in the evaluation of the effects of various 
spacing parameters, six specific quantities were measured. These 
included the following: charge length, spacing in inches, the frac-
tion of the total charge length broken out, angle x measured in the 
plane of the charge diameter (Fig. 7), angle y measured in the plane 
of the charge length (Fig. 8) and the crater form which indicated 
whether the energy was sufficient to completely break between the 
holes (Fig. 9). This study of spacing was not related to the size 
distribution of the material broken by the explosive. For this rea-
son, it must be emphasized that the criteria of failure of a specific 
spacing was if either the entire charge length was not broken out, or 
if the material between holes was not completely broken out. 
As previously discussed in Chapter II, the compressive wave gen-
erated by the MDF was conical in nature except in the collar region. 
The wave form changed in this region because noncoherent wave fronts 
were formed, and the energy from the explosive reached the free surface 
as a series of weak pulses rather than one strong pulse (Fig. 10). For 
this reason, it would seem reasonable to assume that for single or de-
layed charges in low L/B regions that smaller burdens would have to be 
employed. This same phenomenon also effected the spacing of charges 
in low L/B regions. Due to the noncoherent waves generated in the 
collar region, the spacing between charges was greatly reduced, and 
charge length was a definite factor in the design of low L/B ratio 
blasts (Fig. ll). Figures 12, 13 and 14 (in Plexiglas, mortar and dol-




Figure 7. Crater Angle x 
23 
Vertical View, Section A - A1 
Figure 8. Crater Angle y 
24 
a. Case 1 
b. Case 2 
Figure 9. Crater Forms 
25 
Figure 10. Noncoherent Wave Fronts in Collar Region 
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Figure 14. Explosive Spacing/Burden vs. Charge Length/Burden for Dolomite 
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the effects of charge length on spacing. These figures are plots of 
spacing ~ivided by burden vs charge length divided by burden. 
30 
The graphs were drawn to best fit the experimental data. The 
small circles represented the tests conducted on the 1/4-inch burden, 
the triangles were 3/8-inch burden; the squares were 1/2-inch burden 
and the hexagons were 3/4-inch burden shots. The dark symbols repre-
sented the condition when the material failed to break between the 
holes while the clear symbols indicated complete breakage between 
the blastholes. The results in mortar and dolomite were very much 
alike while the curves obtained for Plexiglas were similar, but a 
smaller spacing was blasted using the same burden. This seemed rea-
sonable because the Plexiglas had much higher shear and tensile . 
strengths than either the mortar or dolomite. A larger maximum bur-
den could be used in the mortar and dolomite for the same reason. 
These three graphs show that in low L/B ratio blasting, the spacing 
is reduced and a lesser amount of material is broken per pound of 
explosive used. The explosive could be used more efficiently by 
drilling smaller holes with small burdens while holding the bench 
height constant. If the bench height is variable, a longer bench 
would allow an increase in spacing for large diameter holes. 
A series of .5-inch thick plates of Plexiglas were used to deter-
mine the effects of unconfined charges. Short lengths of 10-grain MDF 
(L/B = 1) were laid and detonated on the surface of the plates with 
direct contact on~ along the diameter of the charge. Plate I shows 
that very little fracturing occurred. Plate II shows the effects of 
a similar charge, the only difference being that the L/B ratio was 
equal to 2. Fracture patterns in the collar region o:f both plates 
Plate I. Uncon£ined .5-inch long 10-grain 1JDF detonated on .5-
inch PleY..iglas Plate. 
31 
Plate II. Uncon£ined l-inch long 10-grain MDF detonated on a .5-
inch thick Plexiglas Plate. 
32 
are almost identical. As the charge length increased, the fracture 
intensity also increased to a point, beyond which it remained con-
stant. Noncoherent wave fronts in the collar caused a lesser amount 
of fracturing in this region •. 
. Figures 15 through 18 show the ef'fect of' spacing on the volume 
of material broken. The crater volumes were calculated using the 
equations in Appendix VII. Each material seemed to have a character-
istic Spacing/(Charge Weight)1 / 3 where the volume was the greatest 
regardless of the burden. Linear distance divided by (Charge Weight)J./3 
and volume of broken material divided by charge weight was used in Fig-
ures 15 through 17. This type of' plot is a direct measure of the ef'f'i-
ciency of the explosive in respect to a particular parameter which in 
this case was spacing. The l/3 power was used in this type of' scaling 
to account f'or energy dissipation in three dimensions and the final 
results were expressed on the unit energy basis. This method of'f'ered 
comparability of materials if all other parameters were held constant 
(7 ,8). The peaks in these curves showed the point where the scaled 
spacing gave the maximum volume of broken material. 
Other effects of' material's properties on spacing can be seen in 
Figures 19 and 20. Figure 19 is a plot of' volume divided by charge 
weight vs log burden divided by (Charge Weight)l/3. This plot would 
be the same for all mate rials if the angles of breakage (angle x, angle 
.Y) were constant. The effect of the high tensile strength of Plexiglas 
can be seen in Figure 20. Since the shear strength is less than the 
t ensile stre ng th, this mat erial sheared easily b etween blasthole s. In 
the small burden range~ the spacing could be increased to better than 
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In Chapter II, it was noted that the characteristic burden for 
a material could be determined from firing single shots, and that the 
burden was not related to the spacing of simultaneously initiated 
charges. It has been observed in the models tested, that correct 
spacing caused interaction between charges and larger burdens could 
be placed on the materials. The characteristic burden for a single 
charge in Plexiglas was not increased by using twice the amount of ex-
plosive. The bottom of the charge was not broken out (Plate III and 
Plate IV) although the sample in Plate III had 20-grain MDF as the 
explosive, while the sample in Plate IV had only 10-grain MDF. The 
fracture pattern and the amount of material broken were the same in 
both the above mentioned cases. The samples shown in Plates V and VI 
were fired under similar conditions, the only difference was the spac-
ing. When the interaction between charges was small, the holes func-
tioned as independently fired charges, and the bottoms were not broken 
out (Plate V). At the correct spacing, the interaction caused the 
bottom to break out (Plate VI). The same phenomena could be seen ·in 
mortar and seemed independent of the L/B ratio (Plates VII, VIII, IX, 
X and XI). It was observed that the burden necessary to completely 
break the entire charge length for a single charge in Plexiglas and 
mortar was .375 and .50 inches,respectively. Using simultaneously 
initiated charges, burdens of .5 inches for Plexiglas and .75 inches 
for mortar could be used. 
The influence of simultaneously initiated multiple charges on the 
fraction of the charge length broken is presented in Figure 21. The 
single charge never broke the material over the entire charge length 
(2). The properly spaced, simultaneously initiated, multiple charges 
Plate III. MDF ( 20-grain) detonated in Plexiglas. ( • 5-inch 
Burden, Charge Length 5 inches) 
Plate IV. MDF (10-grain) detonated in Plexiglas. (.5-inch 
Burden, Charge Length 5 inches) 
40 
Plate v. MDF (10-grain) detonated in Plexiglas. (.5-inch 
Burden, Charge Length 3-inches, 2.5-inch spacing) 
Plate VI. MDF (10-gr.ain) detonated in Plexiglas. ( .5-inch 
Burden, Charge Length 3-inches, 1.5-inch spacing) 
41 
Plate VII. MDF (10-grain) detonated in Mortar. (. 75-inch 
Burden, Charge Length 4.5-inches) 
42 
Plate VIII. ' , ~IDF (lO- grain) detonated in Mortar. (. 75-inch 
'o .. ;Burden, Charge Length 4. 5-inches., 2. 25 inch spacing) 
Plate IX. liDF (10-grain) detonated in Mortar. (. 75-inch 
Burden, Charge Length 1.5-inches) 
Plate X. HDF (10-grain) detonated in Hortar. (. 75-Ll"lch . 
Burden, Charge Length 1.5-inches, 2.25-inch spacing) 
43 
44 
Plate XI. MDF (lO-grain) detonated in Mortar. (.75-inch 
Burden, Charge L~ngth 1.5-inches, 1.5-inch spacing) 
Plate XII. Plan View of Toe left when Burden was too large 
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Charge Length Broken/Total Charge Length vs. Total Charge Length/Burden 
(Plexiglas, 1/2-inch Burden) + \11 
produced perfect craters with the same burden. Plate XII. shows the 
type of breakage in the toe of a mortar sample when the spacing was 




The following conclusions are supported by the results from 
this investigation: 
l. Charge length was important in the design of the spacing for 
low L/B ratio simultaneously initiated charges. 
2. Noncoherent wave fronts were present in the collar region. 
A conical wave did not exist in this region, but was formed 
at some depth below the surface. This depth was dependent 
on the explosive and material's properties. 
3. Scabbing due to the effects of the shock wave did not occur 
under normal model blasting conditions. 
4. The optimum burden for single charges was not necessarily the 
optimum burden for multiple charges which were simultaneously 
initiated. Due to stress interactions, a larger burden could 




VI. RECOMMENDATIONS FOR FURTHER STUDY 
This investigation has suggested the following areas for further 
study: 
l. A mathematical solution of the stress distribution in the collar, 
and its effect on spaci~g should be undertaken. 
2. It would be interesting to study the for;mation of fractures in 
the collar and toe by means of high speed photography. 
3. The effects of stemming length on the stress distribution in the 
collar region should be established. 
4. A study should be made in regard to the effects of geologic 
structures on the spacing of explosive charges. 
5. The characteristic stress mechanics involved at the toe of open 
and closed bottom benches should be investigated. 
6. The role of the material's properties in regard to spacing of 
simultaneously initiated charges should be defined. 
APPENDIX f. 
LIST OF ABBREVIATIONS AND SYMBOLS 
B Bu.rden dimension (in.) 
De Diameter of explosive (in.) 
Db Diameter of borehole (in.) 
E Modulus of elasticity (psi) 
L1 Charge length broken by explosive 
L Total charge length (in.) 
S Spacing (in.) 
Sge Specific gravity of explosive 
Sgr Specific gravity of rock 
V Crater volume (in.)3 
Ve Detonation velocity of explosive (rps) 
Vp Longitudinal wave velocity (fps) 
Vs Shear wave velocity (tps) 
W Weight of explosive charge (grains} 
x Crater angle in plane of charge diameter (deg.) 
y Crater angle in plane of charge length (deg.) 
Z Acoustical impedance (lb-sec/ft3 ) 
o< ..frngle of incidence of a compressive pulse at an impedance 
discontinuity 
J.l. Poisson's ratio 
~ Compressive strength of specimen (psi) 
~ Ten s ile strength of specimen (ps i) 
f Sbee.r strength of' specimen (psi} 
¢ Angle of' internal friction 
APPENDIX II. 
DERIVATION OF SIMILITUDE RATIOS 
General Equation 
Equation 
(1) S = f (Vp B L E V e Des ri:; ¢ o< Sgr Sge Jl) 
(1) may be written as 
( 2) cl c2 c3 c s vP B 
i!'"""V ell cl2 cl3 cl4 
--. Sgr Sge Jl = l 
50 
The corresponding dimensional equation in units of Force (F), Length 
(L) and Time (T) is 
(3) 
From which three auxiliary equations may be written 
(4) F: c5 + c8 + c9 = 0 
(5) L: cl + c2 + c3 + c4 - 2c + c6 + c - 2c8 - 2c9 = 0 5 7 
(6) T: -c2 - c6 = o 
Since three equations are available for solving for nine un-
knowns, arbitrary values are assigned to six unknowns. Many combin-
ations are possible: of these the one involving cl, c2, c4, c7, c8 
and c9 was chosen for illustration. The determinant of the coeffi-








Since this is not equal to zero, the resulting equations are indepen-




Arbitrary values are assigned as :follows: 
c = 1 1 
c2 , c4, c7, c8 , c9 = o 
These values are substituted into E~uation (4), (5) and (6). 
c = 0 5 
c = 0 5 
From this and Equation (2) dropping C 
Tfl=_E_ 
B 
which is dimensionless 
51 
Other terms may be ~ound by selecting di:f~erent combinations o:f 
arbitrary values ~or the exponents. By letting c2, c4, c7 , c8 and 
c9 in turn e~ual unity, with the other exponents equal to zero, we 
get 
n 2 = Vp/Ve 
n 3 = L/B 
D 
TI4 = Be 
TI5 = 'r /E 
1T6 = v-.jE 
more 
By adding the 
terms result: 
rr 
= ~ 7 
TT8 = C< 
1l 
= Sgr 9 
IT = Sge lO 
1T = Jl. ll 
APPENDIX II. 
(continued) 
dimensionless quantities from Equation (2)~ five 
A general solution may be written as 
s 
B 



















Plexiglas Mean Value 
Mortar Mean Value 

































B. Transver se 
Material Distance Time Velocity 
( i n . ) (u sec) (fps) 
Plexig1as 1 .. 468 35 3,497 
Granite 1.562 14 9,285 
Hydrostone 1 . 750 22 6,627 
Mortar 1 .219 12 8,450 
Mortar 2.344 24 8,120 
Mortar 3 .031 29 8,700 
Mortar 4 . o63 41 8,250 
Dolomite 1 .625 16 8,450 
Dolomite 2.219 21 8,790 
Mortar Mean Value 8 , 390 
Dolomite Mean Value 8 ,620 
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APPENDIX IV. 
COMPRESSIVE STRENGTH OF MORTAR 
Sample Loading Diameter Length Area Load at Stress 
Rate (in.) (in.) (in. 2 ) Failure (psi) 
(LbsLsec} (psi) 
Al lOO 2.l25 4.532 3-548 25,450 7,l73 
A2 100 2.125 4.625 3.548 24,950 7,032 . 
A3 100 2.125 4.438 3.548 25,540 7,198 
B1 100 2.125 4.469 3.548 25,500 7,l87 
B2 100 2.125 4.500 3.548 25,500 7,187 
B3 100 2.125 4.469 3.548 25,200 7,102 
Mean Value Sample A 7l22 
Mean Value Sample B 7148 
Mean Value Sample A and B 7l40 
APPENDIX V. 
TENSILE STRENGTH OF MORTAR 
Sample Loading Length Diameter Load at Stress 
Rate (in.) (in.) Failure (psi) 
(lbs/sec) (psi) 
Al 100 2.562 2.125 3246 379.72 
A2 100 2.562 2.125 3o6l 358.07 
A3 100 2.094 2.125 2440 360.14 
A4 100 2.406 2.125 2834 353.15 
Bl 100 2.500 2.125 3029 363.20 
B2 100 2.500 2.125 3520 372.20 
B3 100 2.375 2.125 3051 384.90 
B4 100 2.219 2.125 2650 357.77 
Mean -value Sample A 362.77 
Me an Value Sample B 369.52 
Mean Value Sample A and B 366.15 
A. Mortar 
APPENDIX VI. 
SPECIFIC GRAVITY MEASUREMENTS 
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DERIVATION OF CRATER VOLUME EQUATION 
A. Case l (Fig. 22) 
Volume of Section A 
D 
V =LB( B +-b-) A tan x 2 
Volume of Section B assuming Section B is one quarter of an 
ellipsoid whose volume is 
a 
B Db 
= +--tan x 2 
b B = tan y 
c = B 
1T B 
VB = (tan + 3 X 











Total volume in Case l for one horizontal crater is 
(Figure 23) 
V LB ( B + Db ) + 7T B2 
T = tan x 2 3 tan y 
B Db ( + --) tan . x 2 
Volume of two horizontal craters 
V = 2B ( B + --=Db_) ( L + TT B ) 
T tan x 2 3 tan y 
B. case 2 (Fig. 22) 
Volume of Section C 
APPENDIX VII. 
(continued) 




= l/2 (S + 2B X + ~ ) tan -b 
B 
= -:----tan y 
c = B 
VD = 7T (-S- + B Db ) ( B ) (B) 3 2 tan x + -2- tan y 
V D = 3 ~a~2 y ( ~ + ta~ x + ~b ) 
Total volume f'or Case 2 (Fig. 23) 
59 
V = LB ( + B + ) + 7T B2 (-S- + B + D2b ) T S tan x Db 3 tan y 2 tan x 





Figure 22. Dimension o£ Crater Forms 
60 
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EXPERIMENTAL DATA FOR SPACED CHARGES 
A. Plexiglas 
Burden Length Spacing L/B sjB L1/L Angle x Angley Crater (in.) (in.) (in.} . _ ( deg.) ( deg.) Form 
- - --~ ---- ---
.25 o.o o.o o.o o.o 
---
......... ~ ...... 
• 25 o.o 0.25 . 0.0 1.0 
.25 0.125 o.o 0.5 o.o 1.0 32 26 1 
.25 0.125 0.25 0.5 1.0 1.0 34 30 2 
.25 0.125 0.5 0.5 2.0 1.0 32 35 2 
.25 0.125 0.75 0.5 3.0 1.0 30 45 1 
.25 0.25 0.5 1.0 2.0 1.0 39 32 2 
.25 0.25 0.75 1.0 3.0 1.0 30 30 2 
. 25 0.25 1.0 1.0 4.0 1.0 35 35 1 
.25 0.5 0.5 2.0 2.0 1.0 35 35 1 
-
.25 0.5 0.75 2.0 3.0 1.0 32 45 2 
.25 0.5 1.0 2.0 4.0 1.0 40 4o 1 
.25 1.0 0.75 4.0 3.0 1.0 30 45 2 
0\ 
.25 1.0 1.25 4.0 5.0 1.0 . 30 32 1 1\) 
APPENDIX VIII. 
(continued) 
Burden Length Spacing 1/B S/B 11/1 Angle x Angle y Crater (in.) (in.) (in.) (deg.) (deg.) Form 
.25 1.5 0.0 6.0 0.0 1.0 30 4o l 
.25 1.5 0.25 6.0 1.0 1.0 32 38 2 
.25 1.5 0.75 6.0 3.0 1.0 30 25 2 
.25 1.5 1.25 6.0 5·0 1.0 30 30 2 
.25 1.5 1.5 6.0 6.0 1.0 30 35 1 
.25 3.0 1.5 12.0 6.0 1.0 30 35 l 
.25 3.5 1.25 14.0 5.0 1.0 30 30 2 
.375 0.188 o.o 0.5 o.o 
.375 0.375 o.o 1.0 o.o 0.5 32 32 1 
.375 1.125 1.5 3.0 4.0 1.0 30 45 l 
.375 1.875 1.125 5.0 3.0 1.0 35 30 2 
.375 2.25 1.5 6.0 4.0 1.0 30 35 2 
.375 2.25 1.875 6.0 5.0 1.0 30 30 1 




Burden Length Spacing 1/B S/B 11/L Angle x Angle y Crat er {in.) (in.) (in.) ( deg.) ( deg.) Form 
.375 4.125 1.5 11.0 4.0 1.0 32 30 2 
.375 4.5 1.875 12.0 5.0 1.0 30 45 1 
.5 0.125 o.o 0.25 0.0 --- ---
·5 0.25 o.o 0.5 0.0 
·5 0.25 0.5 0.5 1.0 
·5 0.5 '1 o.o 1.0 o.o 
.5 0.5 0.5 1.0 1.0 
·5 0.75 o.o 1.5 o.o 0.66 36 4o 1 
·5 1.0 1.0 2.0 2.0 1.0 30 45 2 
·5 2.0 1.0 4.0 2.0 1.0 39 45 2 
·5 3.0 o.o 6.0 o.o 0.90 39 45 1 
.5 3.0 0.5 6.0 1.0 1.0 30 43 2 
.5 3.0 1.5 6.0 3.0 1.0 35 38 2 
·5 3.0 2.0 6.0 4.0 0.79 30 30 1 0\ 
+ 
Burden Length Spacing L/B 
(in.) (in.) (in.) 
·5 3.0 2.5 6.0 
-5 4.5 2.0 9.0 
.125 0.75 0.75 6.0 
.625 3·75 1.25 6.0 
-75 4.5 1.5 6.0 
APPENDIX VIII. 
(continued) 
S/B L1/L Angle x ( deg.) 
5.0 0.81 30 
4.0 0.80 30 
6.0 1.0 30 
2.0 1.0 31 

















. APPENDIX VIII. 
(continued) 
B. Mortar 
Burden Length Spacing L/B . S/B L1/L Angle x Angley Crater (in.) (in.) (in.) ( deg.) (deg.) Form 
.25 1.5 0.75 6.0 3.0 1.0 20 32 2 
.25 1.5 1.25 6.0 5.0 1.0 20 31 2 
.25 1.5 1.5 6.0 6.0 1.0 22 33 2 
.375 2.25 o.o 6.0 0.0 1.0 19 30 1 
.5 0.125 0.0 0.25 o.o 
·5 0.25 0.0 0.5 0.0 1.0 22 32 1 
.5 0.25 1.0 0.5 2.0 
·5 0.5 1.0 1.0 2.0 1.0 21 33 2 
·5 0.5 1.5 1.0 3.0 1.0 20 38 1 
.5 1.0 1.0 2.0 2.0 1.0 22 33 2 
·5 1.5 1.5 3.0 3.0 1.0 19 36 2 
.5 1.5 2.0 3.0 4.0 1.0 22 30 2 




Burden Length Spacing . L/B S/B t 1/L Angle x Angle y Crater ~(in_J_ ___ (in.} (in.) (deg.) __ (deg.) Form 
.5 3.0 o.o 6.0 o.o 1.0 20 32 1 
.5 3.0 0.5 6.0 1.0 1.0 20 32 2 
·5 3.0 1.0 6.0 2.0 1.0 20 31 2 
.5 3.0 1.5 6.0 3.0 1.0 22 34 2 
.5 3.0 2.0 6.0 4.0 1.0 19 33 2 
·5 3.0 2.5 6.0 5.0 1.0 20 32 1 
·5 3.0 3.0 6.0 6.0 1.0 20 32 1 
.5 4.5 2.5 9·0 5.0 1.0 20 32 1 
.75 0.375 o.o 0.5 o.o 
.75 0.75 o.o 1.0 o.o 1.0 20 33 1 
.75 1.5 1.5 2.0 2.0 1.0 20 37 2 
. • 75 1.5 2.25 2.0 3.0 0.83 20 30 2 
.75 2.25 2.25 3.0 3.0 1.0 19 34 . 2 
3.0 4.0 4.0 0.92 0\ 
-75 3.0 20 32 2 -.;J 
Burden Length Spacing L/B 
(in.) (in.) (in.) 
.75 4.5 0.0 6.0 
.75 4.5 2.25 6.0 
.75 4.5 3.0 6.0 
.75 4.5 4.5 6.0 
1.5 4.5 4.5 3.0 
APPENDIX VIII. 
( co1'1tinued) 
s/B 11/L Angle x ( deg.) 
o.o 0.88 20 
3.0 1.0 20 
4.0 0.90 20 


















c. Jefferson City Dolomite 
Burden Length Spacing L/B S/B L1/t Angle x Angle y (in .J ~ __ _(iQJ___ _ _ (in. L__ _ ___ _ _ _ _(deg_.j___~{_deg_.J 
·5 0.5 1.0 1.0 2.0 1.0 25 36 
·5 0.5 1.5 1.0 3.0 1.0 28 35 
·5 3.0 2.0 6.0 4.0 1.0 18 38 
·5 3.0 2.5 6.0 5.0 1.0 20 37 












EXPERIMENTAL DATA FOR SINGLE CHARGES 
Note: Tested with lO-gr MDF 
Material Burden Length L/B Ll/L Angle x Angle y (in.) (in. 2 ( deg. 2 (deg.} 
Plexiglas 
-5 3.0 6.0 .90 4o 45 
Mortar 
-75 l.5 2.0 .71 20 35 
Mortar 
-75 4.5 6.0 .89 20 37 
Dolomite 
~, 
1.0 3.0 3.0 1.0 24 36 
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